Simulating the Long-Range Swell of Internal Waves
Generated by Ocean Storms
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S p e c I a L I S S u e O N I N t e R N a L WaV e S aBStR act. Near-inertial waves (NIWs) are a special class of internal gravity waves with periods set by planetary rotation and latitude (e.g., at 30° latitude, one cycle per 24 hours). They are notable because they contain most of the observed shear in the ocean and around half the kinetic energy. As such, they have been demonstrated to mix the upper ocean and to have the potential to mix the deep ocean enough to be important for climate simulations. NIWs are principally generated as a result of a resonant coupling between upper-ocean currents and mid-latitude atmospheric cyclones. Here, we report on simulated NIWs in an eddy-resolving general circulation model that is forced by a realistic atmosphere, and we make comparisons to NIWs observed from moored and shipboard measurements of currents. The picture that emerges is that as much as 16% of NIW energy (which is season dependent) radiates out of the mixed layer and equatorward in the form of low-mode, long-lived internal gravity waves; they transmit energy thousands of kilometers from their regions of generation. The large amount of energy in near-inertial motions at a given site is a combination of a local response to wind forcing and waves that have traveled far from where they were generated.
INtROductION motivation
Near-inertial waves (NIWs) are one of the most energetic modes of ocean variability, containing about half the ocean's kinetic energy at most sites (and even more beneath storm tracks).
Hence, they are of central importance to a variety of ocean processes, including mixed-layer deepening (Price et al., 1986) ; submesoscale processes, larval dispersion, and formation of thin layers (Franks, 1995) ; restratification of mixed layers and thermohaline intrusions (Hosegood et al., 2008) ; and mixing of both the upper and deep ocean (Hebert and Moum, 1994; Alford, 2003b ). Yet, an understanding of NIW energy sources and redistribution by wave radiation is lacking, causing NIWs to be poorly represented in regional and global models.
Over the last decade, there has been significant community focus on internal tides, which produce large thermocline displacements, affect sound propagation, and control some hotspots of elevated turbulent mixing. Near-inertial internal gravity waves are probably of similar or greater importance, providing comparable kinetic energy and the vast majority of shear variance (Alford and Whitmont, 2007; Toole, 2007) , and likely leading to a substantial amount of turbulent mixing.
Significant deficiencies remain in our understanding of the physical processes that determine their generation, evolution, and destruction. NIWs appear to be primarily forced by the wind (D' Asaro, 1985; Alford and Whitmont, 2007) . The amount of energy input to the ocean in the form of NIWs has been estimated to be 0.5-0.7 TW (Watanabe and Hibiya, 2002; Alford, 2003a) , based on forcing a slab model (Pollard and Millard, 1970) with reanalysis winds. However, Jiang et al. (2005) demonstrated sensitivity to the choice of wind product used, obtaining values ranging from 0.36-1.4 TW.
Though uncertain, these calculations represent a large fraction of the 2 TW of energy demand required to maintain deep-ocean stratification (Munk and Wunsch, 1998; Wunsch and Ferrari, 2004; St. Laurent and Simmons, 2006) .
These calculations give the "source" of NIWs, specifically, the lateral distribution of the power input. However, analogous to internal tides, NIWs appear to be able to travel far from their forcing regionsdownward into the ocean interior from their generation at the surface and also equatorward. Understanding their dissipation clearly requires understanding this lateral and vertical propagation. In a study using a global model similar to the one used here, Furiuchi et al. (2008) obtained a global wind work total of 0.35 TW, but without mesoscale flows.
Though they obtained good agreement with some observational estimates of inertial energy in the mixed layer, they concluded that most NIW energy dissipates in the upper 150 m of the ocean.
On the other hand, data from the Ocean Storms Experiment (D' Asaro, 1995; Levine and Zervakis, 1995) and historical moored current meters (Alford, 2003a) suggest that a substantial portion of NIW energy is radiated far from generation regions in fast-moving, low-mode waves.
Additionally, observations show energetic
NIWs at all depths (Silverthorne and Toole, 2006; Alford, 2010) , with a greater percentage penetrating to depth (Alford et al., in press ) than concluded by the Furuichi study. One possibility for these discrepancies is that mesoscale flows can affect generation (Weller, 1982) , refract the waves once generated (Kunze, 1986) , and amplify deep propagation (Lee and Niiler, 1998; Zhai et al., 2005) .
Our study, unlike the Furuichi simulation, includes mesoscale eddies ( Figure 1 ). It is intended to shed some light on these puzzles, and illustrate the r e l a t i v e v ortic it y r e l a t iv e vo r t i c i t y long-range-propagation aspects of the wave field in a fully eddying ocean. We find that from 3% to 16% of the energy radiates away in our model, depending on the season and the storm strength.
Though the exact percentage is likely sensitive to details of the model and requires further study, we focus on the spatial structure of the radiated portion here to learn more about these longpropagating waves. Because we obtain many of the same results as the Furuichi study, the implication is that mesoscale flows affect the long-propagating waves only a little. However, they do likely affect the radiated versus local portion of the NIW wake of individual storms.
Wind Generation of Near-Inertial Waves
The first part of NIW generation, the initial input of energy into the mixed layer by resonant forcing, is the best understood. Observed mixed-layer velocities quickly grow as great as 1 m s -1 (greater in hurricanes and typhoons).
A slab model by Pollard and Millard (1970) 
excitation of Interior motions
Once near-inertial motions in the mixed layer are generated, lateral variation leads to convergences and divergences that "pump" vertical motions at the base of the mixed layer, driving motions in the ocean interior (Figure 3 ). Anderson and Gill (1979) and Gill (1985) To compute the ocean interior response, the slab velocity profile (motion in the mixed layer and none below) is projected onto the modes computed for pre-storm stratification.
As the modes propagate away, energy travels downward into the ocean interior, with the details controlled by the phasing between the various modes (see . processes associated with near-inertial generation, dissipation, and propagation. as storms move along the storm track, a local response occurs with frequencies near the local coriolis frequency. Both high-and low-mode internal gravity waves are excited. High modes propagate along curving characteristics downward and equatorward. The higher modes have strong shear that results in mixing ("ε"). Low-mode wave radiation, indicated in gray, takes the form of oscillations that propagate equatorward. upward characteristics and topographic scattering have been observed, but the processes involved are not completely understood.
relative and planetary vorticity; Kunze, 1985) . Hence, in addition to "imprinting" mesoscales and submesoscales on NIWs (effectively reducing their wavelengths and increasing their propagation speeds), anticyclonic eddies can create regions known as "inertial chimneys"
wherein a locally lowered effective inertial frequency allows rapid deep propagation. First proposed by Lee and Niiler (1998) , inertial chimneys are also seen in numerical models (Zhai et al., 2005) .
Local dissipation vs. Long-Range propagation It is an evolution of the Hallberg Isopycnal Coordinate Model (HIM; Hallberg, 1997) . Previously, HIM has been used to study global surface tides (Arbic et al., 2004) and baroclinic tides (Simmons et al., 2004a (Simmons et al., , 2011 Simmons, 2008) . (Murray, 1996) poleward of 60°N where the resolution remains a nearly constant 7 × 7 km. Near-inertial motions were isolated via band-pass filtering.
Re SuLtS
As is typical for a model of this resolu- , Figure 1D ).
Ratio of Energy Input to Radiation
The average monthly wind work from 30°N to the pole ranges from 35 GW 
SummaRy aNd dIScuSSION
We have presented some aspects increases from somewhat less than unity at high latitudes and near the surface to 1.3 at depth and near the equator (30% blue shift). This view of the ocean corroborates the Garrett (2001) view, but we find that blue shifting frequently exceeds that predicted by Garrett (2001) .
The net effect is that the inertial peak becomes increasingly broad and blue shifted equatorward of the storm tracks.
We note the absence of reliable observational estimates at latitudes equatorward of 25° precludes any definitive conclusion about blue shift at low latitudes.
The fact that NIW groups can radiate from subpolar latitudes across the equator ( Figure 1D ) suggests that in the midbasins (away from western boundary currents), NIW groups are able to pass relatively unscathed through a mesoscale eddy field ( Figure 1A ). This phenom- tides (Egbert and Ray, 2000) , and a substantial fraction of the 2 TW needed to maintain deep ocean stratification (Munk and Wunsch, 1998; Wunsch and Ferrari, 2004) . Consequently, inclusion 
